were actively phagocytized by them (Seno et al., 1968; Yokomura, 1969) , while negatively-charged ones neither adhered nor were phagocytized (Yokomura et al., 1967) . It is still uncertain whether the electrostatic force is a crucial factor contributing to adhesion followed by phagocytosis. If particles adhere in a ion-free medium and they become dissociated in ionic environments, then adhesion may be due to the electrostatic interaction (Curtis, 1967) . From such a viewpoint, investigations were made in isotonic sugar solution to see how the ionic strength of environment affects the adhesive property and the phagocytic activity of monocytes upon aldehyde-fixed red blood cells, since monocytes phagocytize the aldehyde-fixed red cells very actively in Hanks' solution without the help of opsonin (Seno, 1967; Rabinovitch, 1967) . This paper reports that the phagocytic activity of monocytes upon aldehyde-fixed red blood cells in vitro virtually ceased in an ion-free environment and recovered in an ionic environment. In 0.27 M sucrose aqueous solution, monocytes somewhat swelled after 10-or 60-min incubation. Their cytoplasm contained a number of vacuoles of variable sizes (Fig. lb) .
MATERIALS AND METHODS
Viable tests by supravital staining with eosin (Eaton and Scala, 1958) revealed that about 85 % of these cells were alive in the sucrose solution.
In this solution, neither chick nor mouse G-RBC adhered to monocytes (Table  II) . The morphology of monocytes unchanged after incubation with the red cells (Fig. 1b and 1d) .
The pH of the 0.27 M sucrose aqueous solution was 5.8. Monocytes incubated with G-RBC in Hanks' solution (adjusted to pH 5.8 with NaH2PO4) containing 0.27 M sucrose adhered to G-RBC and phagocytized them as in Hanks' solution (Table II) .
To examine if sucrose is injurious on monocytes, the cells were incubated in the sucrose aqueous solution for 60 min first, then transferred into Hanks' solution and STUDIES ON THE MECHANISM OF PHAGOCYTOSIS incubated with G-RBC for 10 or 60 min. G-RBC of either species successfully adhered to monocytes (Table II) and were phagocytized by them as those incubated directly with G-RBC in Hanks' solution. The results indicate that sucrose has no injurious effect on the adhesive activity of monocytes, but the fixed red cells do not adhere to monocytes in the sucrose solution. Each value is the mean of three to ten experiments and more than 500 cells were counted in each experiment. All the red cells used were fixed with 1.25 % glutaraldehyde for 10 min. * The cells were incubated in 0.27 M sucrose aqueous solution for 60 min, and transfered to Hanks' solution and further incubated for 10 or 60 min.
Adhesion of Chicken G-RBC to Monocytes in Various Sugar Solutions
To examine if only sucrose specifically inhibits the adhesion of G-RBC to monocytes, similar observations were made with other sugars than sucrose. The results showed that chicken G-RBC did not adhere to monocytes in any of the sugar solutions (pH 5.8), viz., 0.27 M aqueous solution of maltose, galactose, mannose, glucose or fructose (Table III) .
Adhesion of G-RBC to Monocytes at Different pH Values
Adhesion tests were made in solutions at various pH values; sucrose solution at pH 7.4 and 6.95, Hanks, solution at pH 5.8 and 6.95 (pH of Hanks' solution was 7.4, that of the sugar solutions 5.8, and the isoelectric point of hemoglobin 6.95). The pH of Hanks' solution was adjusted with NaH2PO4, phosphate buffer or acetate buffer of pH 5.8 or 6.95, and the pH of sucrose aqueous solution was elevated to 7.4 by adding NaOH to 0.06 mM.
In Hanks' solutions of pH 5.8 and 6.95, chicken G-RBC adhered to monocytes at the same rate as in the common Hanks' solution, mouse G-RBC also adhered to monocytes at a slightly decreased rate.
In the sucrose solution of pH 7.4, G-RBC of neither species adhered to monocytes. These results indicate that changing pH of the solutions does not affect adhesion of G-RBC to monocytes, as far as this experiment is concerned (Table IV) . 
Effect of Calcium and Magnesium Ions on Adhesion of G-RBC to Monocytes
It seemed possible that the marked adhesive activity of monocytes in Hanks' solution was dependent upon calcium and magnesium ions, which are absent in the sucrose solution. The adhesion test in the solution having the same pH and the same composition as Hanks' solution except for calcium and magnesium ions showed a slightly decreased rate in adhesion of chick and mouse G-RBC to monocytes in 10-min. However, by 60-min incubation, G-RBC adhered to monocytes in nearly the same rate as in Hanks' solution. To Ca-and Mg-deficient Hanks' solution, 2.5 mM EDTA was added.
A similar test was made; the same results were obtained as in the test without EDTA.
In the sucrose solution containing 1.8 mM calcium ion, the same concentration as that in Hanks' solution, or 0.06 mM ion, the same concentration of sodium as used in pH adjustment in the above experiment, not so marked adhesion of G-RBC to monocytes was observed as in Hanks' solution, although the adhesion rate increased slightly. In the sucrose solution containing 1.4 or 0.06 mM magnesium ion instead of calcium ion no effect on the adhesion was observed, either. These results show that the divalent cations at such low concentrations as used in this study (Table V) Monocytes adhering to G-RBC increased in direct proportion to logarithm of the ionic strength of the incubation medium (Fig.  4 and Table VI ).
Tests for Activities of Negatively Charged Groups on Red Cell
Surface with Ion Exchange Resin Particles
It has been reported that the net electrostatic charge of the surface of both fresh red blood cell and formaldehyde-fixed one is negative (Heard and Seaman, 1961) , but the activity of the charged groups on the surfaces of the red cells suspended in such ion-deficient media as distilled water and the sucrose aqueous solution cannot be measured by microelectrophoresis.
So, the net surface charge of red blood cells was determined by observing aggregation and disaggregation of them by mixing with particles of ion exchange resin having a definite net surface charge, viz, basic Amberlite IRA-400 and acidic IR-120B. In distilled water and in 0.27 M sucrose solution, both chick and mouse G-RBC aggregated with the basic resin but not with the acidic resin. Under light microscope, G-RBC of both species adhered to the surfaces of the Fig. 4 beads of the basic resin and bridged them, but addition of NaCl to 0.145 M to the mixtures dissociated the aggregates. Therefore, aggregation of G-RBC with the basic resins should have been due to the mechanism identical with aggregation of acidic resin particles with basic resin i. e., due to the electrostatic interaction.
The phenomenon indicates that the net surface charge of G-RBC in ion-free media is negative.
Adhesion of Methylated or Deaminated Red Blood Cells to Resin Particles
To modify the net charge on the surface of G-RBC, both chick and mouse G-RBC were methylated (M-RBC) or deaminated (D-RBC). Either M-RBC aggregated with the acidic resin in distilled water or 0.27 M sucrose aqueous solution and disaggregated when added with 0.145 M NaCl. They did not aggregate with the basic resin. Either D-RBC aggregated with the basic resin particles, but not with the acidic ones. The aggregate dissociated in the presence of 0.145 M NaCl. D-RBC aggregated with M-RBC in distilled water or 0.27 M sucrose solution and disaggregated by adding 0.145 M NaCl. The experiment with G-RBC gave the same results.
The observation indicates that the net surface charge of M-RBC is positive and that of D-RBC negative.
Adhesion of M-RBC and D-RBC to Monocytes
Adhesion of M-RBC and D-RBC to monocytes in Hanks' solution or 0.27 M sucrose aqueous solution (adjusted to pH 7.4 with NaOH) was examined chicken . M-RBC adhered to monocytes in Hanks' solution ( Fig. 1e ) and in the sucrose solution (Figs.  1f and 3) . Many M-RBC were ingested by monocytes in Hanks' and in the sucrose solutions.
On the other hand, chicken D-RBC adhered to monocytes in Hanks' solu- (Table VII) . The inhibition of the adhesion of fixed red blood cells to mouse monocytes in an ion-free medium such as sucrose aqueous solution is similar to the phenomenon reported on virus adsorption to non-biologic surfaces (Valentine and Allison, 1959) , virus adsorption to the cell surface (Allison and Valentine, 1960; Marcus, 1962) and cell adhesion to glass surface (Curtis, 1964) . The adhesion of fixed red blood cells to monocytes was enhanced in a direct proportion to the ionic strength of the incubation media used in this study. These results indicate that adhesion or the first step of phagocytosis in physiologic environment containing ions will be understood by the lyophobic theory. According to the theory, adhesion between like-charged cell surfaces is a result of the balance of the repulsion due to the charge on cell surfaces and the attraction due to Van der Waals' force between them. The promotion of the adhesion in an ionic environment is explained by such a mechanism that electrostatic repulsion is suppressed by counterions to cover the ionic groups on the cell surfaces. Therefore, it is suggested that in an physiologic environment the hydrophobic groups on the surfaces should largely contribute to adhesion of fixed red cells to monocytes rather than the charged groups on them at a short range. At a long range, electrostatic attrac-STUDIES ON TEE MECHANISM OF PHAGOCYTOSIS tion between the cell surfaces may act before adhesion occurs . However, it is clear that triggering adhesion of methylated red blood cells to monocytes in sucrose solution is electrostatic, though methylation not only changes the net charge of fixed red cell surfaces but increases their hydrophobicity . Living red cells did not adhere to monocytes . This may possibly show that hydrophobic groups of the living cell membrane are buried deep , which are exposed on the cell surface upon fixation or deaths. This problem is left to be settled in future .
The observation in the present study also proved that no phagocytosis occurred without adhesion.
This indicates that adhesion is the first necessary step for phagocytosis as previously confirmed on that of colloidal particles to monocytes (Yokomura et al., 1967; Yokomura, 1969; Mukai, 1969 
